We have calculated the scattering lengths between the pseudoscalar meson and charmed triplet, sextet, and excited sextet baryon to the third order with the heavy baryon chiral perturbation theory. The chiral expansion of some pion and eta channels converges well.
I. INTRODUCTION
Up to now many heavy hadrons have been discovered experimentally. Their inner structures and interactions attract much attention. Some of them are speculated to be possible new hadron states beyond the traditional quark model. For example, the newly discovered Z b states are treated as theB ( * ) B * molecular states [1, 2] . Many other molecular states, such as those composed of Ξ c Ξ c , DD * , are also proposed [3] [4] [5] [6] [7] [8] . Whether there is attractive interaction between the particles is the most important condition to form molecular states.
On the other hand, the hadron-hadron interaction may distort the conventional quark model spectrum through the coupled channel effects. For example, the bare charm-strange scalar meson lies around 2.4 GeV according to the quark model calculation. Experimentally the mass of the D s0 (2317) state was measured to be around 2.3 GeV. The attractive interaction between the D meson and kaon is essential to lower its mass through the coupling effect between the bare cs state and the DK continuum [9] .
There has been lots of research work on the strong interactions of the charmed or bottomed mesons, such as the lattice study, calculations with the chiral perturbation theory and so on [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The charmed triplet (B3), sextet (B 6 ) and excited sextet (B * 6 ) baryons are relatively stable particles. The pair from the ground and corresponding excited sextet form a degenerate doublet in the heavy quark spin symmetry limit. They interact with other particles through the exchange of the pseudoscalar mesons in the low energy effective field theory. It is very important to study the strong interaction between the lightest pseudoscalar meson (φ) and charmed baryon.
A physical observable such as the scattering amplitude can be expanded order by order with the explicit power counting in the heavy baryon chiral perturbation theory (HBχPT). The inclusion of the nonanalytic corrections resulting from the loop diagrams would highly reduce the error of extraction in the lattice study [20, 21] , which is one of the motivations of the present investigation.
In this work, we shall study the pseudoscalar meson and charmed baryon scattering lengths to the third order with HBχPT. We include the interaction of B 6 and B
II. THE T -MATRICES AT THRESHOLDS
The average mass of the charmed triplet baryons M 0 (2408 MeV), which provides the base when we refer to the mass difference in the following. The HBχPT Lagrangians at the leading order read 
µν is the projection operator for the Rarita-Schwinger field, γ E = 0.5772157 is the Euler constant, λ = 4πf is the energy scale.
The scattering length a φB is related to the threshold T -matrix T φB by T φB = 4π(1 + m φ /m B )a φB . At the leading order, only the BBφφ-vertex from the contact terms in L (1) Bφ contributes to the T -matrices at the threshold. At the second order, the corresponding BBφφ-vertex of L (2) Bφ contributes. At the third order, in addition to the contribution of L (3,r/c) Bφ , the T -matrices also receive the contribution from the loop diagrams consisting of the vertices in the leading order Lagrangian.
The nonvanishing loop diagrams are shown in Fig. 1 . Since there is no vertex like B3B 6 φφ at the leading order, the charmed baryons in different representations do not appear in the diagrams (I) as intermediate states. But they appear in the diagrams (II) through the axial coupling. We calculate the loop diagrams with dimensional regularization and the modified minimal subtraction scheme. We use the LECs in Eq. (8) to cancel the divergence. At last we express the T -matrices in terms of f φ rather than f with the help of their relation in Refs. [24, 25] .
where the superscript I in T I φB refers to the isospin of the channel, the functions P , U , V , W , and Y are listed in Appendix A, and some combination coefficients are defined as
We have used the Gell-Mann-Okubo mass relation m Besides the eight T -matrices listed above, the other three isospin-independent ones can be written in terms of those in Eq. (10) by crossing symmetry,
B. φB6 scattering
There are 19 isospin independent T -matrices for the pseudoscalar meson and charmed sextet baryon scattering.
where
Moreover, with crossing symmetry we get
C. φB *
scattering
There are also 19 independent T -matrices for the scattering between pseudoscalar meson and the excited charmed sextet baryon. Even including the loop correction, we notice that T 
4 ,
We have listed the T -matrices of the pseudoscalar meson and charmed baryon scattering in the above three subsections. We have assumed the SU(3) flavor symmetry and taken the SU(3) breaking effect into account perturbatively. One can also study the scattering of πB3, πB 6 , and πB * 6 with SU(2) flavor symmetry. We can construct the relevant Lagrangians with exact SU(2) chiral symmetry from the beginning.
Alternatively, we can extract SU(2) Lagrangians from the SU(3) Lagrangians in Eqs. (1), (2), (6), (7), and (8) . Now the coupling constants g i and other LECs are different from those in the SU(3) case. Then we can obtain the SU(2) T -matrices from the SU(3) ones. More specially, we may drop the terms proportional to V (m
and W i (m η ) in the SU(3) T πB , and replace g 1 and other LECs with new independent ones g 1Σc , g 1Ξ ′ c , g 1Ωc etc. After that we get the SU(2) T πB . The contributions of the dropped terms actually are absorbed by the redefined LECs at O(ǫ 3 ). Unfortunately, the investigation of the πB scattering with SU(2) chiral perturbation theory introduces more independent LECs. Especially the SU(2) LECs at O(ǫ 3 ) can not be neglected. We do not include the contribution from the kaon and eta explicitly, which contribute to O(ǫ 3 ) LECs here. In the following we will concentrate on the SU(3) case only.
III. LOW ENERGY CONSTANTS
Similar to the nucleon case [26, 27] , the chiral correction to the charmed baryon axial-vector coupling would also be O(ǫ 2 ), which contributes to the T -matrices at O(ǫ 4 ) or higher order, thus can be neglected. Using 
We also need [28] [29] [30] 
Since there are no available experimental data to extract the low energy constants at O(ǫ 2 ), we utilize the crude SU(4) flavor symmetry to make a rough estimate of some of these LECs in Appendix B,
We would assumec i = c i with the heavy quark spin symmetry in the numerical calculation. As for the dimensionless LEC α ′ , we will take it to be in the natural range of [-1,1] as in Ref. [18] .
IV. NUMERICAL RESULTS AND DISCUSSIONS
We list the T -matrices order by order for the pseudoscalar meson and charmed baryon scattering in Tables I, II , III. The positive real parts of the scattering lengths indicate that there exists the attractive interaction in the following channels:
(1/2) , and ηΣ * c
(1) , where the superscripts refer to the isospin.
There is an undetermined constant α ′ at O(ǫ 2 ). We allow α ′ to vary from -1 to 1. Its contribution is small. The variation of the scattering length is less than one fifth of the central value in almost 40 channels among the total 49 channels.
From the tables, the leading order contribution from the chiral connection dominates the total T -matrices for the most πB channels. We regard one scattering channel as convergent when
With the above criteria there exist twelve convergent channels: T
(1)
πΣc , T
, and
. The scattering lengths of the above channels are positive. In other words, the interaction between the pseudoscalar meson and heavy baryon is attractive. The chiral expansion of the KB channels converges badly mainly due to the large mass of kaon.
For the eta meson scattering off the charmed baryon, the loop diagrams in Fig. 1(I) do not contribute to the real part of the T -matrix at the threshold as can be seen from Eqs. (10,13,A1,A2) . Only the loop diagrams in Fig. 1(II) contribute to the real part of the T Bη -matrix, which is helpful to the convergence in the η channel.
At present there is not enough experimental information on the pseudoscalar meson and heavy baryon scattering. We are unable to determine the low energy constants at O(ǫ 3 ). With the very crude nonanalytic dominance approximation, we study the convergence of the chiral expansion further in Appendix C. Under this approximation, the convergence becomes better in the most channels, especially inKΛ c
In order to check where the large correction at O(ǫ 3 ) comes from, we separate the different contributions to T Table IV . We notice that the tree contribution at O(ǫ 3 ) is really small since the recoil correction should be suppressed for a heavy charmed baryon. The inclusion of the excited charmed sextet does not suppress the loop correction for the channels of the ground charmed baryons.
It is interesting to notice that the inclusion of the B * 6 intermediate states does not make the convergence better. Let's denote the contribution of the intermediate particle X to the T -matrix through the axial couplings in the heavy quark symmetry limit as C X . For the B3φ scattering, we can get the following ratio from Eqs. (10,A1)
For the B 6 φ scattering,
And for the B 6 * φ scattering, the ratio is
One notices that C B * 6 is larger than C B6 for the B3φ and B 6 * φ scattering, while it is smaller than C B6 for the B 6 φ scattering. The correction from the B * 6 and B 6 states has the same sign as required from heavy quark symmetry. Their contribution is constructive, which worsens the convergence.
From Tables II and III , one notices that the numerical value of T I φB6 is very close to that of the corresponding T I φB * 6 at every order. As can be seen in Table IV , the contribution of the sum of all the loop diagrams to T I φB6 and T I φB * 6 is almost the same, which is the manifestation of the heavy flavor symmetry.
Sometimes the nearby resonances or possible molecular states in the pseudoscalar meson and heavy baryon scattering channel might also destroy the convergence of the chiral expansion. For example, the 1/2 − (3/2 − ) charmed baryons couple strongly to the Goldstone boson and 1/2 + (3/2 + ) charmed baryons based on a unitary baryon-meson coupledchannel model in Ref. [31] . The convergence of the chiral expansion might improve if the 1/2 − and 3/2 − charmed baryons are included explicitly.
One may also wonder whether the recoil correction might spoil the convergence. In the past several years there has some progress in the development of the χPT in the covariant form such as the extended-on-mass-shell renormalization scheme [15, 32, 33] and infrared regularization method [34] . It will be very interesting to compare the results within the different schemes.
We estimate the LECs at O(ǫ 2 ) assuming the SU(4) flavor symmetry and using the pseudoscalar meson and nucleonoctet coupling constants as input. However, the SU(4) flavor symmetry is broken in nature. The convergence of the chiral expansion might improve if the LECs could be determined more accurately.
V. CONCLUSIONS
In this work, we have studied the pseudoscalar meson and charmed baryon scattering length to O(ǫ 3 ) with HBχPT. The convergence of the chiral expansion of some pion and eta channels is good. Because of the large heavy baryon mass, the recoil correction is small.
It is easy to get the T -matrices for the pseudoscalar meson and bottomed baryon scattering from those in Sec. II with the corresponding parameters replaced. The numerical results do not change much due to the heavy quark flavor symmetry.
According to our convention, the scattering length with a positive real part indicates there is attraction in this channel, which provides useful information on the strong interaction between the pseudoscalar meson and heavy flavor baryon. For example, one may have a rough idea in which channels there may (or not) exist loosely bound molecular states composed of a heavy flavor baryon and a pseudoscalar meson. These systems are similar to the pionic hydrogen. Moreover, we hope our present calculation, especially nonanalytic parts, would be useful to the chiral extrapolation of future simulation of the pseudoscalar meson and heavy baryon scattering on the lattice.
Appendix B: Determination of Some LECs with SU(4) Flavor Symmetry
The SU(4) flavor 20 ′ -plet includes the nucleon octet, Λ c triplet, Σ c sextet, and Ξ cc triplet, which can be expressed by a 3-rank tensor T abc : . (a, b, c = 1, 2, 3, 4 are the flavor labels.) (B1)
With the SU(4) 20'-representation and the isospin, hypercharge, and charm of the physical particles, one obtains the individual components
where we have normalized T abc so that the Lagrangian of the self-energy isT abc (iv ·D)T abc . With the chiral symmetry, parity, C-parity, and Hermiticity, we can construct the Lagrangian
where u µ and χ + are similar to those in Eq. (5) with the extended
B8φ for the nucleon octet, L
B3φ for the Λ c triplet, L
B6φ for the Σ c triplet, and so on. So comparing L (2) B8φ with that in Ref. [23] and using their values of LECs
with a still unknown dimensionless constant α ′ . Then comparing L
B3φ and L
B6φ with Eq. (6), one gets
Appendix C: Nonanalytic dominance approximation and the convergence of the chiral expansion
The analytic terms from loop corrections are the polynomials of ǫ possessing the symmetries of Lagrangians. They can be absorbed by the LECs. In other words, the tree and partial loop corrections have the same chiral structure. One may divide the T -matrix into the analytic and nonanalytic part. The analytic contribution originates from both loop and tree diagrams, while the nonanalytic contribution originates only from the loop graphs. One may also use the nonanalytic part to discuss the convergence of the T -matrix since the LECs of the third order can not be determined now.
For the ππ scattering length, the ratio of the analytic contribution a anal,I ππ to the nonanalytic contribution a
ππ is small [35] ,
Because of lack of enough data, we are still unable to estimate the LECs at O(ǫ 3 ) accurately. As a very crude approximation, we invoke the "nonanalytic dominance approximation" to check the convergence of the chiral expansion, which assumes large cancellation of the analytic terms between loop and tree diagrams. Under this approximation, we list the scattering lengths with the nonanalytic approximation in the last column of Tables I, II, III. The difference between the last two columns of the tables could be regarded as a measure of the error resulting from LECs at O(ǫ 3 ). In our present calculation, some polynomials of ǫ, such as m 3 φ , m 2 φ δ, appear like nonanalytic in quark mass m q at first sight. However, we have checked that the polynomials in our results are analytic in quark mass since the momentum of the external boson at the threshold also contributes a factor m φ , which is simply a kinematical factor. We can extract the nonanalytic contribution with the new functions of V and H 1 by dropping the analytic terms in the squared brackets in Eqs. (A2, A3) .
Comparing the total loop contribution with the sole nonanalytic part in Table IV , we notice that the chiral expansion does become better when appropriate LECs absorb the analytic contribution. There are only 13 channels where the magnitude of the loop correction is smaller than 1/4 in unit of m φ /f 2 φ . In contrast there are 19 channels where the magnitude of the nonanalytic case is smaller than 1/4 in unit of m φ /f 2 φ . There are 9 badly convergent channels where the magnitude of the total loop is larger than 2/3. There are only 5 badly convergent channels where the nonanalytic correction is larger than 2/3. We have also checked our previous results for the excited charmed meson and pseudoscalar meson scattering lengths. The nonanalytic terms are smaller than the total loop contributions in the most channels [16] . 
